The measurement of IgG anti-pertussis toxin (IgG anti-PT) antibodies by ELISA is a frequently used method for studying the antibody responses after pertussis vaccination and after Bordetella pertussis infection. Such responses vary according to the different vaccines used as well as to the immunization and infection history of the participants. In the present study, the decay kinetics of the IgG anti-PT antibody response was determined for 71 Danish children and adults with bacteriologically confirmed B. pertussis infection and for 20 Danish adults booster-vaccinated with an acellular pertussis vaccine. For both groups, biphasic decay was seen, but the individual antibody responses varied greatly. No differences related to age were seen. Within each group, individual decay profiles showed parallel log-linear decay for the late part of the response. Antibody half-life was calculated for the late, slower part of the biphasic response curves for both groups (.5 months after diagnosis for individuals with confirmed infection; .3 months for vaccinated individuals). The median half-life for post-infection antibodies was 221 days [interquartile range (IQR) 159-314 days, 36 individuals], and the median half-life for postvaccination antibodies was 508 days (IQR 428-616 days, 14 individuals). This difference was statistically significant (P,0.0001). Thus, in this setting, we found that the IgG anti-PT antibody decay after an infection with B. pertussis is more than twice as fast as the decay after booster vaccination with an acellular pertussis vaccine. Such knowledge of the IgG anti-PT decay kinetics is crucial for interpretation of serological data that will be used either for diagnosis or for epidemiological studies and surveillance of B. pertussis infections.
INTRODUCTION
Pertussis has gained great attention in recent years, with immunization programmes in several countries being expanded to include not only older children and relevant health-care personnel, but also adolescents and adults in general (CDC, 2010; Haut Conseil de la Santé Publique, 2010; Bundesministerium für Gesundheit, 2009; Ständige Impfkommission, 2009; Nasjonalt Folkehelseinstitutt, 2007) . Vaccines against Bordetella pertussis are based either on whole cells or on a number of acellular components, but common for all is the presence of pertussis toxin (PT). PT is unique to B. pertussis, and serological diagnosis based on detection of antibodies to PT is therefore very specific in addition to being highly sensitive (André et al., 2008; Baughman et al., 2004; de Melker et al., 2000) . Serological diagnosis of pertussis has been introduced in many countries, and knowledge of the kinetics of the antibody responses to both vaccination and infection is crucial in order to interpret serological results correctly.
Several studies have described the decay of IgG antibodies to PT (IgG anti-PT antibodies) after vaccination (McIntyre et al., 2009; Hendrikx et al., 2009; Bailleux et al., 2008; Riffelmann et al., 2008; Edelman et al., 2007; Barreto et al., 2007; Hallander et al., 2005; Le et al., 2004; Keitel et al., 1999; Giuliano et al., 1998; Di Tommaso et al., 1997; Edwards et al., 1993) , after infection (Heininger et al., 2004; Teunis et al., 2002; de Melker et al., 2000; Hodder et al., 2000; Giammanco et al., 1997) or both (Hallander et al., 2009; Isacson, 1997) . Common for both types of response is the initial peak in antibody levels followed by a biphasic decay consisting of a rapid decay from the peak followed by a slower decay lasting for several years. However, the magnitudes of the responses reported from these studies vary widely both between and within the studies. From studies evaluating post-vaccination kinetics, the magnitude of the response was shown to differ between different vaccine types (Hendrikx et al., 2009; Keitel et al., 1999; Giuliano et al., 1998) . From studies of the post-infection response, the magnitude of the response was shown to correlate with the type of pertussis vaccine received previously (Hallander et al., 2009; Giammanco et al., 1997) .
Two studies from Sweden have previously compared postvaccination and post-infection IgG anti-PT antibody kinetics in children (Hallander et al., 2009; Isacson, 1997) . To date, no studies on the comparison of post-vaccination and post-infection antibody kinetics in adults have been described. The aim of the present study was to describe the long-term IgG anti-PT antibody kinetics in Danish children and adults with bacteriologically confirmed B. pertussis infection and compare it to the long-term antibody kinetics from pertussis booster-vaccinated Danish adults.
METHODS
Study participants and sera. The kinetics of the anti-PT response was studied in individuals with bacteriologically confirmed infection with B. pertussis (by culture and/or PCR) as well as in individuals booster-vaccinated with a TdaP-IPV combination vaccine containing acellular PT (DiTeKiPol Booster; Statens Serum Institut). All involved participants were provided with a letter of information and signed a written consent before enrolment. Collection of samples from individuals with bacteriologically confirmed pertussis infection was performed by general practitioners and approved by The Danish College of General Practitioners (MPU 4-2007) and the Danish Data Protection Agency (2007-54-0061 Throughout the collection period, 237 individuals with confirmed pertussis were eligible for the study; 151 of those were contacted and 71 agreed to participate. Hence the study included serum samples from 71 individuals with bacteriologically confirmed infection with B. pertussis [30 males and 41 females, age 8-65 years, median age 21 years, interquartile range (IQR) 12-41 years), henceforth denoted 'patients'. Five patients were 8-9 years old, 22 were 10-14 years old, 8 were 15-19 years old and 36 were 20 years or older. Only patients older than 7 years were included in the study in order to avoid interference by remaining antibodies from the pre-school booster. The diagnosis was made by IS481 insertion element PCR (van der Zee et al., 1993) and/or by culturing of the bacterium. Patients were asked to contact their practitioner for blood sampling as soon as possible after receiving the letter of invitation as well as 2, 5, 8, 11 and 14 months after the initial pertussis diagnosis. Forty patients delivered six samples, eight delivered five samples, eight delivered four samples and 15 delivered three or fewer. Patients were asked to rate the severity of the cough at the time of the first sample on a scale from 0 to 10; 60 of the 71 patients reported the severity of cough with a median of 5.5 (IQR 4-7.1). Two individuals reported a history of pertussis 55 and 58 years previously, respectively. Other clinical characteristics were not reported. One individual reported the use of immunosuppressive drugs, but for the remaining 70 patients similar information was unavailable.
The study also included serum samples from 20 healthy adults employed at a vaccine-producing facility who due to safety precautions had to be booster-vaccinated against pertussis (8 males and 12 females, age 30-57, median age 39 years, IQR 33-47 years), henceforth denoted 'vaccinees'. The vaccine was a TdaP-IPV combination vaccine (DiTeKiPol Booster; Statens Serum Institut) containing 20 mg acellular PT as toxoid as the sole pertussis antigen. The vaccinees were asked to deliver up to 13 blood samples at increasing intervals from 1 week after vaccination up to 2 years after vaccination. Three vaccinees delivered 13 samples, 7 delivered 12 samples, 5 delivered 11 samples, 2 delivered 10 samples and 3 delivered 7 samples or fewer. Pre-vaccination samples were available for 18 of the participants, and these samples had been taken a median of 5 months before vaccination (range 5-156 days, IQR 142-156 days). One individual reported confirmed pertussis approximately 1.5 years prior to the initiation of the study. Otherwise the history of previous pertussis was unknown for the participants.
For both studies, the type and number of pertussis vaccines received in childhood was unknown; however, the Danish whole-cell pertussis vaccine was introduced in 1961 and substituted with the acellular pertussis vaccine in 1997. Vaccination coverage in Denmark has been high throughout the years (Andersen et al., 2007; Christensen & Rønne, 1997; Nielsen & Larsen, 1990; Nielsen & Rønne, 1988) . Hence, when testing for differences in the groups, the years 1961 and 1997 were used as limits when categorizing the participants. For the vaccinees, only three individuals were born before 1961 and valid statistical calculations were therefore impossible.
Detection of IgG anti-PT antibodies. IgG antibodies to PT were measured by indirect ELISA according to the method described previously (Dalby et al., 2009) . Results were expressed as IU ml 21 according to the WHO International Standard Pertussis Antiserum National Institute for Biological Standards and Control code 06/140. The Danish cut-off value for diagnostic purposes is set at 75 IU ml 21 , as calculated from IgG anti-PT analysis of sera from 271 healthy Danish blood donors aged 18 years and older (mean plus 2 standard deviations from log 10 -transformed data plus an extra 20 % margin as grey zone).
Calculation of antibody half-life. Antibody decay rates were calculated by use of linear regression on log 2 transformed serological results in relation to days since the diagnosis (patients) or days since vaccination (vaccinees). Antibody half-life was expressed as the inverse reciprocal of the regression line slope (expressed in days).
Statistical analysis. Statistical analyses were performed using SAS statistical software (version 9.1.3). Due to the small sample size, nonparametric analyses by either Wilcoxon rank sum tests (two groups of data), Kruskal-Wallis tests (more than two groups of data) or Spearman rank-order correlations (continuous variables) were used.
RESULTS AND DISCUSSION

Antibody-response profiles for patients
The individual antibody-response profiles for the 71 patients are shown in Fig. 1 (also see Supplementary
Figs S1 and S2 in JMM Online), and reverse cumulative response curves are shown in Fig. 2 . Please note that the first sample should not be interpreted as an acute phase sample, as this sample was drawn some weeks after the initial laboratory-confirmed diagnosis of pertussis was made.
The IgG anti-PT antibody response levels in individuals with pertussis infection varied in a broad range, but as shown in Fig. 1 , the decay curves were roughly parallel. No differences in responses between different age groups were seen. Moreover, results from the youngest participants at 8 and 9 years of age were not distinguishable from the responses from the other age groups, thus indicating no particular effect of remaining antibodies from the preschool booster at that age. Such large variations in the magnitude of the antibody response have been described previously (Heininger et al., 2004; Teunis et al., 2002; de Melker et al., 2000; Hodder et al., 2000; Isacson, 1997) , and similar parallel antibody decays have been observed (Teunis et al., 2002; de Melker et al., 2000) . IgG anti-PT levels from the individual with reported use of immunosuppressive drugs were very low (the maximum value measured was 24 IU ml 21 ); however, antibody levels from seven other patients were similarly low (maximum values ranging from 7 to 35 IU ml
21
).
The distribution of results in relation to time since diagnosis can be seen in Fig. 2 . At the first sampling (median 17 days after diagnosis, range 8-63 days, IQR 14-23 days), 53 of the available 69 samples (77 %) had antibody levels above the Danish diagnostic cut-off at 75 IU ml
. Two individuals with a missing first sample were moreover positive at their first sampling, 2 months post-diagnosis. For two of the patients with a first-sample result below the cut-off (43 and 55 IU ml 21 , respectively), the results at 2 months post-diagnosis were above the cutoff (125 and 81 IU ml 21 , respectively), mimicking positive results at paired serology. In total, 57 of the 71 patients had antibody levels above the diagnostic cut-off at some point during the study. When omitting the results from the individual with reported use of immunosuppressive drugs, the sensitivity at single-point serology was 79 % (55/70) and at paired serology was 81 % (57/70). At the last sample 14 months after diagnosis (median 427 days after diagnosis, range 410-470 days, IQR 425-433 days), 8 of the available 48 samples (16.7 %) had antibody levels above the diagnostic cut-off.
The maximum achieved IgG anti-PT antibody level for each patient varied from 7 to 2300 IU ml 21 with a median of 217 IU ml 21 (IQR 85-467 IU ml
). When correlating this maximum level to sex, age, severity of cough and assumed type of received childhood vaccine, none of these comparisons gave statistically significant differences. Only two of the 71 individuals had reported a previous episode of pertussis, and their antibody responses were not in any way distinguishable from those of the other 69 individuals. Also, it is very unlikely that only two of the 71 individuals had encountered pertussis previously.
Antibody-response profiles for vaccinees
The individual antibody-response profiles for the 20 vaccinees are shown in Fig. 3 , and reverse cumulative response curves for a subset of the 13 samplings points are shown in Fig. 4 .
As for the patients, the IgG anti-PT antibody-response levels varied over a broad range for the vaccinees, but as can be seen in Fig. 3 , the decay curves were roughly parallel. Although some of the vaccinees had very low response levels, a distinct response curve with an initial increase, a peak and a slow decline was observed for all vaccinees. Previous studies have shown similar individual variations in the magnitude of the response (McIntyre et al., 2009; Hendrikx et al., 2009; Riffelmann et al., 2008; Edelman et al., 2007; Giuliano et al., 1998; Isacson, 1997) , and parallel curves have also been observed (Di Tommaso et al., 1997).
The distribution of results in relation to time since vaccination can be seen in Fig. 4 . Before vaccination, 3 of the 18 available samples (17 %) had IgG anti-PT antibody levels above the Danish diagnostic cut-off at 75 IU ml
21
. The individual with the highest pre-vaccine level (104 IU ml
) was also the individual who had reported an episode of pertussis less than 2 years prior to the study. Previous pertussis was not reported by the remaining two individuals; however, this does not exclude atypical or subclinical pertussis in the previous years. At 1 month post-vaccination (median 32 days, range 27-32 days), 12 of the 16 available samples (75 %) had antibody levels above the cut-off. Two years after vaccination (median 746 days, range 734-749 days), 6 of the 15 available samples (40 %) had antibody levels above the cut-off.
The maximum achieved antibody level for each vaccinee varied from 12 to 2500 IU ml 21 with a median of 183 IU ml 21 (IQR 59-352 IU ml 21 ). When correlating this maximum level to sex, age and assumed type of received childhood vaccine, none of these comparisons gave statistically significant differences.
Half-life for antibody responses
Half-life was calculated only for data in the late-decay phase, i.e. after the first rapid decay from the peak. The shift in the biphasic curves from fast to slow decay was difficult to determine for each individual, and the range for the late phase in each group was accordingly chosen where the log 2 -linear regression lines gave the best fit. For patients, half-life calculations were performed for the 5, 8, 11 and 14 month samples. For vaccinees, half-life calculations were performed for samples ¢90 days after vaccination.
Fifteen patients had delivered either no sample or only one sample in the 5-14 month post-diagnosis period, and consequently no half-life calculations were done. Data from individuals with only two samples after the initial peak were omitted from the half-life calculations (six patients, one vaccinee); therefore, only valid regression slopes from three or more datapoints were included. Data with almost horizontal decay were omitted from the halflife calculations (three vaccinees with antibody levels above the diagnostic cut-off). Data with very low antibody levels were omitted from the half-life calculations (five patients, two vaccinees). Data with nonlinear decay profiles were omitted from the half-life calculations (nine patients). For data with a single deviant result, this data point was omitted, leaving either three data points for the half-life calculation (seven patients) or five data points (one vaccinee). Half-life was consequently calculated for 36 patients and 14 vaccinees.
For the 36 patients, the calculated half-life ranged from 106 to 2032 days, with a median of 221 days (IQR 159-314 days). The R 2 values for these linear regressions ranged from 0.70 to 0.9998 with a median of 0.94.
For the 14 vaccinees, the calculated half-life ranged from 317 to 1285 days, with a median of 508 days (IQR 428-616 days). The R 2 values for these linear regressions ranged from 0.71 to 0.9997 with a median of 0.89. For the three individuals with high initial values, one had almost horizontal decay throughout the study and was omitted from the half-life calculations, but the calculated half-life for the two other individuals was 524 and 613 days, respectively. Hence, the high initial value did not influence the decay kinetics.
When correlating the half-life within each group with sex, age, assumed type of received childhood vaccine, severity of cough (patients) and highest achieved antibody level, none of these comparisons gave statistically significant differences. A previous study has shown a correlation of high IgG anti-PT levels with the length of spasmodic cough (Hallander et al., 2009) , but in the current study we had no data on the length of the cough for the patients and similar comparisons were therefore not possible.
Using the obtained log 2 -linear equations for the IgG anti-PT antibody decay for these 36+14 individuals (patients and vaccinees, respectively), the time required for the IgG anti-PT antibody level to reach the Danish diagnostic cutoff at 75 IU ml 21 could be calculated. For patients, the antibody levels were estimated to reach the cut-off within 2 years from point of diagnosis for all 36 individuals. The individual with the highest registered antibody level was estimated to reach the cut-off at 1.9 years post-diagnosis. For the remaining 35 patients without a valid log 2 -linear equation, a similar mathematical estimation is impossible; however, by visual estimation from the graphs it seems that none of the remaining patients will sustain an antibody level above 75 IU ml 21 2 years after diagnosis. For vaccinees, 5 of the 14 individuals with valid half-life calculations had antibody levels so high that more than 2 years from point of vaccination are estimated for the antibody level to reach the cut-off: the longest expected time is estimated to be 6.6 years (the other four values are 5.3 years, 3.8 years, 3.5 years and 2.8 years). For the remaining 15 vaccinees, 13 reached the cut-off sooner than 2 years, and the last 2 had almost horizontal decay profiles above the cut-off making estimates impossible.
A number of other studies on both post-infection and post-vaccination antibodies have also been concerned with describing the kinetics of the IgG anti-PT antibody responses. Some have included mathematical approximations (Bailleux et al., 2008; Hallander et al., 2005; Le et al., 2004; Teunis et al., 2002; de Melker et al., 2000) , or described the decay in terms of percentages (Riffelmann et al., 2008; Edelman et al., 2007; Heininger et al., 2004; Le et al., 2004) , and others again have made graphical interpretations (Hallander et al., 2009; de Melker et al., 2000; Di Tommaso et al., 1997) . Although Teunis et al. (2002) and de Melker et al. (2000) made mathematical models based on individual data, most approaches have used calculations or models based on either geometric mean or median results instead of on the individual response curves. The very large variations in the magnitude of the individual responses observed in our study, as well as in several other studies, emphasize the importance of using calculations based on each individual, both for patients and vaccinees. Estimating the percentage decay is similar to our approach, but only the study by Edelman et al. (2007) described the late-phase decay (from 3 to 5 years postvaccination). Three other studies by Riffelmann et al. (2008) , Heininger et al. (2004) and Le et al. (2004) described the percentage decay relative to the peak level. Such percentages can be very difficult to compare since these calculations require a sample on the exact maximum of the peak to be valid for comparisons (and peak samples are seldom from the exact maximum). Also, the percentage reductions include both parts of the biphasic decay, and the initial rapid decay will therefore have a different impact on the results depending on the length of follow-up.
Comparisons between patients and vaccinees
We observed very large variations in the magnitudes of the IgG anti-PT response in both patients and vaccinees: an approximate 300-fold difference between the lowest and the highest responder was seen among patients, and an approximate 200-fold difference was seen among vaccinees. When comparing the maximum achieved antibody levels for individuals between patients and vaccinees, no statistically significant difference was found.
When comparing antibody decay half-life for patients and vaccinees, a statistically significant difference was found (P,0.0001). A scatter-plot of these distributions is shown in Fig. 5 . Although half-life could not be calculated for all the 91 participants in the study, the validity of the results is illustrated by Figs 1 and 3 showing uniform decay within the two groups.
Thus, the decay profiles of IgG anti-PT antibodies in Danish subjects after a B. pertussis infection or after acellular vaccination against pertussis are not identical. This is in contrast to results from studies with Swedish children (Hallander et al., 2009) and German adults (Heininger et al., 2004) . However, both of those studies made the conclusions based on either median or geometric mean levels alone, and the individual decay profiles were not described. Even though sex and age showed no significant correlations in the present study to either the highest achieved IgG anti-PT antibody level or to the antibody decay half-life, other factors are likely to influence the antibody decay kinetics, making assumptions based on geometric means uncertain. Such factors could be: type(s) of childhood pertussis vaccine, number of previous pertussis infections, the genetic profile of the bacteria in such previous infections as well as general differences in the individual host response.
Although we found large individual variations in the magnitude of the antibody response in each of the two groups, the decay profiles were significantly different with the antibody decay after infection being approximately twice as fast as that after vaccination. While all of the patients with valid regression calculations were expected to have IgG anti-PT antibody levels below the Danish diagnostic cut-off 2 years after diagnosis, at least 25 % of the vaccinees would require more than 2 years for the antibody levels to reach this cut-off.
The results of this study emphasize the need for careful considerations when deciding which individuals are suitable for serological diagnosis of pertussis due to the potential presence of antibodies from a previous pertussis infection or vaccination. A limit of 2 years since a previous pertussis infection is probably just barely enough to allow the infection antibodies to decrease below the diagnostic cut-off. A limit of 2 years from vaccination, however, seems to be too short a time span, at least for adults vaccinated with the Danish acellular TdaP-IPV vaccine; here a limit of at least 6 years since vaccination would be more accurate. Although the half-life of IgG anti-PT antibody decay after B. pertussis infection and after acellular pertussis vaccination is statistically different, half-life can probably not be used to decide whether an observed decrease in antibody levels between two samples originates from infection or vaccination. In Denmark, at present there are no adolescent, adult or cocooning vaccination strategies for pertussis. Thus, single-serum serological diagnosis of Danish individuals older than 8 years will be possible without interference from vaccination-induced antibodies. However, in countries with enhanced vaccination strategies, the vaccination status of individuals suspected of having pertussis should be carefully evaluated before serology can be used for diagnosis. Our study included sera collected from Danish individuals and a Danish vaccine, and extrapolations of our results to individuals belonging to other age groups or to studies of other types of pertussis vaccines or from other countries should therefore be made with great caution. Also, although a significant difference in antibody half-life was seen between patients and vaccinees, the study included data from only 91 individuals and the results are therefore only indicative of the true nature of these antibody responses.
In conclusion, we found that the kinetics of IgG anti-PT antibody response after infection with B. pertussis and after acellular vaccination against pertussis are not identical. Although both types of antibody decay show an initial peak followed by a slower decay, the decay of post-infection antibodies is more than twice as fast as that for postvaccination antibodies.
